ABSTRACT Precoding aided spatial modulation (PSM) constitutes a flexible closed-loop multiple input multiple output transmission scheme, which benefits from both low cost and low complexity at the receiver side. In PSM, a single receive antenna is activated and a number of bits are conveyed by the index of the receiving antenna, in addition to the bits conveyed by a conventional amplitude-phase modulation symbol. In this paper, bit error rate (BER) of the PSM orthogonal frequency division multiplex (PSM-OFDM) system is investigated and the optimal power allocation between the data and the pilot symbols by minimizing the upper bound for the BER with imperfect channel estimation is derived. Furthermore, we prove that the proposed optimal power allocation scheme can be applied to all generalized linear interpolation techniques with the minimum mean square error channel estimation. Simulation results demonstrate that the proposed optimal power allocation scheme provides significant improvements in terms of the average BER performance for the PSM-OFDM system compared with its equal-power-allocation counterpart.
I. INTRODUCTION
Precoding aided Spatial Modulation (PSM) [1] - [3] , also called Receive-Spatial Modulation (RSM) [4] - [6] , has attracted substantial research interests, which is consider as one of the promising recent technical advances in Multiple Input Multiple Output (MIMO) downlink (DL) transmission. As a specific variation of Spatial Modulation (SM) [7] - [9] , PSM schemes are capable of conveying extra information by appropriately selecting the Receive Antenna (RA) indices, instead of selecting the Transmit Antenna (TA) indices in traditional SM. More explicitly, based on the assumption of perfect Channel State Information at the Transmitter (CSIT), the transmitter is capable of focusing the transmit power exactly on a single receive antenna at the receiver with the aid of precoding. Thus, the information bits can be conveyed by two ways: (i)the index of the receive antenna, (ii) a symbol drawn from a conventional constellation diagram. Due to the specific transmission structure of PSM, it benefits from both low cost and low complexity at the receiver side, therefore it may be considered to be notably suitable for the downlink transmissions [1] . In [3] and [5] , the Average Bit Error Rate (ABER) of the generalized PSM and conventional PSM were investigated and the comprehensive performance comparisons carried out between the proposed scheme as well as the conventional MIMO scheme were discussed, respectively. Inspired by the potential of PSM, several authors have extended the concept of PSM in different communication scenarios [4] , [6] , [10] - [15] . More specifically, based on two different optimization criteria, the optimal precoding schemes were proposed with the assumption of partial CSIT in the PSM system [4] . Stavridis et al. [6] incorporated multi-stream PSM in the MIMO broadcast channel and proposed an accurate mathematical framework for computing the ABER, diversity order, and coding gain in this scenario. Moreover, the authors of [11] proposed Dual-Hop Hybrid Spatial Modulation (DH-HSM), which extended the application of PSM and SM into the practical systems.
In order to alleviate the adverse effects of frequency selective channel fading, SM can be implemented with the aid of Orthogonal Frequency Division Multiplex (OFDM) technique [16] , [17] . SM-OFDM is capable of providing a general transmission approach for arbitrary number of transmit and receive antennas, especially for the downlink unbalanced massive MIMO-OFDM channels in which the number of transmit antennas is much greater than that of receive antennas. Moreover, SM-OFDM provides a flexible transceiver configuration and is capable of achieving better performance compared with the popular Space Time Block Codes (STBC) OFDM systems and Vertical Bell Labs layered Space-Time (VBLAST) OFDM systems in Long Term Evolution (LTE) systems [17] . As a specific extension of SM, PSM is also a potential candidate for being combined with OFDM.
In practical systems, perfect CSIT is unrealistic due to the quantization errors, imperfections in the channel estimation process and limited, delayed or noisy feedback from the receivers. The performance of MIMO-OFDM systems with imperfect CSIT has been researched extensively in the existing literature [18] , [19] . The upper bound of the total BER of the MIMO-OFDM system averaged with respect to CSIT errors was derived and the precoding matrices to minimize total BER by steepest descend algorithm was proposed in [18] . Furthermore, based on the maximization of the channel cut-off rate, the optimal linear precoder was investigated in [19] aiming at minimizing the packet error rate using imperfect CSIT. However, to the best of the authors' knowledge, no work regarding the PSM-OFDM system with imperfect CSIT is available in the existing literature.
Based on the above observations, in this paper, we focus on the scenario where transmitter has to acquire the CSIT of the downlink channel by feedback from the uplink with the assumption that the imperfection of CSIT is only due to the imperfect channel estimation process. In this scenario, one of the most important parameters which affect the performance of the PSM-OFDM system is the Pilot-to-Data Power Ratio (PDPR). Therefore, by appropriately allocating the transmit power between the pilot and data, the performance of PSM-OFDM can be significantly improved. Motivated by the aforementioned analysis, in this paper, we derive the upper bound of the average BER for the PSM-OFDM system with the Minimum Mean Square Error (MMSE) channel estimation and the optimal Maximum Likelihood (ML) receiver. It is worth noting that the conventional interpolation techniques, such as two order linear interpolation, Gauss interpolation and interpolation based on the Wiener filter, and so on, which obtain the channel estimation at the data subcarrier based on a weighted linear combination of the channel estimation of the pilot subcarrier essentially, are collectively referred to as the generalized linear interpolation techniques in this paper. Furthermore, we derive the optimal PDPR aiming at minimizing the upper bound for the BER of the PSM-OFDM system with imperfect CSIT. In addition, we prove that the optimal PDPR can be applied to all kinds of generalized linear interpolation techniques with MMSE channel estimation. Finally, simulation results show that employing the proposed optimal PDPR provides a significant BER performance improvement for PSM-OFDM systems.
The rest of this paper is organised as follows. In Section II, we introduce the system model of the PSM-OFDM system. In Section II, the MMSE based channel estimation is described. The analysis of average bit error rate for the system as well as the optimal power allocation between pilot and data symbols are provided in Section IV. The simulation results are provided in Section IV, which validate our theoretical analysis and the significant improvement of the proposed power allocation scheme over its equal power allocation counterpart. Finally, this paper is concluded in Section V.
Notation: In the following, bold lower-case and upper-case letters denote vectors and matrices, respectively. The operators (·) H , (·) −1 and E {·} denote conjugate transpose, matrix inverse and expectation, respectively. The N × N identity matrix is denoted I N , {z} is the real part of a complex number or matrix.
II. SYSTEM MODEL
Consider a PSM-OFDM system where the transmitter equipped with N t antennas communicates with the receiver employing N r (N r ≤ N t ) receive antennas as shown in Fig.1 . Assume the total number of subcarriers in the PSM-OFDM system is N and the coherent bandwidth contains N c subcarriers. In a coherent bandwidth, N p out of N c subcarriers are used for transmitting pilot symbols, while the rest N d subcarriers convey data symbols. In the kth subcarrier, k 1 = log 2 M bits are encoded in a symbol drawn from a M -ary conventional constellation diagram such as Quadrature Amplitude Modulation (QAM) or Phase Shift Keying (PSK), while k 2 = log 2 N r bits are conveyed by the index of the activated single antenna out of N r receive antennas. Thus, the total number of the bits simultaneously transmitted per channel use in a data subcarrier is k all = log 2 (N r M ). Based on the above two types of modulations, the spatial modulated super symbol transmitted per channel use in the kth subcarrier can be written as
where s m denotes the conventional modulation symbol drawn from a M -ary conventional constellation set S = {s 1 , . . . , s M }. Moreover, e i represents the ith column of an identity matrix with size N r and indicates that the ith receive antenna is activated. Therefore, when the spatial modulated super symbol is transmitted at the kth data subcarrier, the received signal vector is given by
where y k d ∈ C N r ×1 denotes the data signal vector observed at the N r receive antennas. The channel matrix is represented as
Moreover, we assume that the wireless channel is a quasi-static frequency-flat Rayleigh fading channel. P k d ∈ C N t ×N r is the linear precoding matrix for beamforming the transmitted signal to a single receive antenna. D k d ∈ C N r ×N r is a diagonal matrix used for normalized the power of each column of the linear precoding matrix. Finally, z k d ∈ C N r ×1 represents the complex white Gaussian noise vector with independent and identically distributed elements having a zero mean and a variance σ 2 In this paper, Zero-Forcing (ZF) precoding is employed for the linear precoder. Therefore, the precoding matrix P k d ∈ C N t ×N r is the right inverse of H k d , which can be express as
As a result, the diagonal entries of the normalized matrix D k d corresponding to ZF precoding take the following form as
where [A] i,j represents the (i, j)th element of matrix. In the PSM-OFDM system, N p = N t , which is the same as that of the SM-OFDM system [20] . Therefore, the percentage of the pilot symbols is defined as δ = N t /N c . Let E p and E d denote the transmit power of the pilot and data symbols, respectively. Thus, the average transmit power can be express as
Let α represents the power allocation factor for pilot and data symbols, which is given by [21] 
By combining (5) with (6), E p and E d can be express as the function of α and E 0 , which is written as
and
where E 0 is assumed to be fixed in the subsequent analysis.
III. MMSE BASED CHANNEL ESTIMATION
The channel estimation error is investigated in this section to see how the power allocation factor α affects the channel estimation performance of the PSM-OFDM system employing an MMSE estimator.
A. MMSE CHANNEL ESTIMATION AT PILOT SUBCARRIER
Based on the SM-OFDM pilot transmission model [20] , the received pilot symbol matrix for channel estimation can be expressed as
where
represents the pilot symbol matrix conveyed by N t pilot subcarriers. More explicitly, 
is the channel matrix at pilot subcarriers, Z p = z 1 , z 1 , . . . , z N t is the noise matrix.
In this paper, the uncorrelated fading scenario is considered, which satisfies E H p H H p = I N t . Therefore, the MMSE estimation of the channel H p is given by [22] The probability characteristic of the MMSE estimation H p is analysed in [20] . In the rest of this subsection, we present a brief explanation of that analysis in [20] in order to make the paper easier to follow.
The error correlation matrix can be given as
where H p = H p − H p represents the channel estimation error. The average estimation Mean Square Error (MSE) is written as
From [21] , the entries of channel estimation H p are modeled as i.i.d CN (0, 1 − σ 2 e ).
B. CHANNEL ESTIMATION AT DATA SUBCARRIER
Consider I order generalized linear interpolation technique, which obtains the channel estimation of the kth data subcarrier by linearly combining the estimation of I pilot subcarriers adjacent to this data subcarrier. Without loss of generality, we employ estimation schemes based on a combtype pilot structure [23] , as shown in Fig. 2 . Note that conventional interpolation techniques, such as two order linear interpolation, Gauss interpolation and interpolation based on Wiener filter, are considerd as the linear combination of
As a result, the channel estimation of the kth data subcarrier can be express as
Therefore, the entries of
where σ 2
Based on the above channel estimation of the kth data subcarrier, the received data symbol vector at the kth data subcarrier can be written as
where can be express as
IV. OPTIMAL POWER ALLOCATION BETWEEN DATA AND PILOT SYMBOLS
In this section, we focus on the scenario where the transmitter has to acquire the CSIT of the downlink channel by the feedback from the uplink with the assumption that the imperfection of CSIT is only due to the imperfect MMSE based channel estimation process. Based on the above assumption, we derive the upper bound for the average BER of the PSM-OFDM system with imperfect CSIT, and the optimal PDPR which minimizes the upper bound for the average BER of the system.
A. THEORETICAL EVALUATION OF AVERAGE BIT ERROR RATE
Without loss of generality, assume that the number of transmit antennas is equal to that of receive antennas, i.e. N t = N r . With the aid of the union bound technique [24] , the instantaneous BER upper bound of the kth data subcarrier for a given transmit signal to noise ratio ( (3) and (4) into (2), the received signal vector is rewritten as
At the receiver side, both of the conventional modulated symbols s m and the index of the receiving antenna are jointly detected based on ML criterion, which is formulated aŝ
Provided that the detection process is carried out using (18) , the representation of the instantaneous PEP at the kth data subcarrier for the PSM-OFDM system has already been derived in [5] , which takes the following form as
where Q (·) is the Q-function and r is a random variable associated with power normalized matrix D k d and the symbol error pattern vector c = x k d →x k d . Furthermore, based on the different types of symbol errors and using the structure of
where i is derived in [25] as a gamma distribution with d 2 i ∼ Gamma (V , 1) and V = N t − N r + 1, where Gamma (k, θ) stands for the gamma distribution with shape k and scale θ . In order to leverage the result in [25] , the channel estimation of the kth data subcarrier can be rewritten as 
is the Heaviside step function, which satisfies H 0 (x) = 0 for x < 0 and H 0 (x) = 1 for x ≥ 0. In addition, ( ) denotes the gamma function defined in [26, p. 892] , which satisfies (V + 1) = V !.
In the existing literature, usually the random variables d 2 i are assumed to be statistically independent in order to simplify the whole analysis [27] - [29] . Because this assumption is in contradiction with the structure of
, in this paper, we follow a different approach which is similar to the method in [5] . We take into account that d 2 i , i = 1, . . . , N r , are correlated gamma random variables (with marginal pdf given in (22)). Therefore, as given in [30] , the joint pdf of
is the Kibble's bivariate gamma distribution as (23) where
, the estimation of ρ c can be carried out, for certain values of N t and N r , by using multiple samples of the two random variables.
In order to derive the average PEP of the kth subcarrier for the PSM-OFDM system, when a signal error ε 1 takes place, we simplify (19) using (20a) and average over all possible realizations of d 2 i as
For the sake of mathematical tractability, consider an accurate upper bound of the Q-function which is formulated as the sum of weighted exponentials. By considering only two components, Chiani-bound has been proposed in [31] and can be expressed as
By substituting (25) into (24), the average PEP for ε 1 is reformulated as
By observing (26) , it can be found that two expectations which need to be dealt with in the right side of (26) (26) . Therefore, by combining the marginal pdf of (22), we can obtain
where the integration formula from [26, p. 892, 3.351, 3] facilitates the derivation in the last step of (27) . Finally, with the amalgamation of (27) and (26), (26) can be rewritten as
Similar to the aforementioned procedure, the average PEP of the kth subcarrier for the PSM-OFDM system when a signal error ε 2 occurs, can be derived as follow. By plugging (20b) into (19), the above average PEP associated with error pattern ε 2 can be formulated as
The right side of (29) illustrates that two expectations need to be evaluated for the form of
, where the real and positive constants µ 2 and θ 2 are defined by the right side of (29) .
With the aid of the joint pdf of the random variables
given in (23), the expectation form can be express as
Similar to the derivation in the last step of (27) , by considering the structure of q j (x) and p j (y), both integrations in (30) can be obtained in closed forms which are given by
Substituting (31) and (32) into (30), Eq. (30) can be reformulated as
where ξ (θ 2 ) = λ/ θ 2 + When a signal error ε 3 happens, the average PEP of the kth subcarrier for the PSM-OFDM system can be derived by the similar procedure as before. Thus, by substituting (20c) into (19) , we obtain
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The right side of (35) shows that two expectations with the form of h 3 (µ 3 ,
, need to be carried out to obtain the final closed form of PEP for the PSM-OFDM system. Moreover, µ 3 and θ 3 are real positive constants which rely on the right side of (35).
Because the structure of h 3 (µ 3 , θ 3 ) is similar to that of h 3 (µ 2 , θ 2 ), the derivation of h 3 (µ 3 , θ 3 ) can be performed by similar steps as in (30)-(34). After some manipulations and simplifications, we can get
. By combining (35) with (36), the average PEP of a joint symbol error ε 3 is given by (37) (bottom of this page).
Based on the above analysis on the average PEP of the kth subcarrier for the PSM-OFDM system with different symbol error patterns, the average BER of the kth subcarrier for the PSM-OFDM system is bounded by
where P ε x k d →x k d /γ , λ represents the PEP of transmitting the super-symbol x k d and detecting the super-symbolx k d for a given transmit SNR γ and a channel parameter λ, when a symbol error pattern ε which is divided into three types in the aforementioned analysis takes place. Therefore, the upper bound for the average BER of the PSM-OFDM system with imperfect CSIT can be expressed as
B. OPTIMAL PILOT-TO-DATA POWER RATIO
By inspecting (39), it reveals that the upper bound for the average BER of the PSM-OFDM system is formulated as a function of E p , E d , σ 2 z and w k . Because both E p and E d are the function of α and δ, the upper bound for the average BER is in turn rewritten as a function of α, δ, σ 2 z and w k . Furthermore, when the type of the generalized linear interpolation technique and the power of the complex Gaussian white noise are given, both w k and σ 2 z are constants. As a result, given fix pilot percentage δ, type of the generalized linear interpolation and power of the noise, the optimum power allocation factor, which minimizes the upper bound for the average BER, can be obtained by solving the following equation as
z , both of which are functions of α, δ, σ 2 z and w k . Based on the previous analysis, the upper bound for the average BER of the PSM-OFDM system at the kth subcarrier can be divided into three parts according to three different signal error patterns. Therefore, in order to get the first derivative of the upper bound for the average BER of the kth subcarrier with respect to α, we can perform the first derivatives of the aforementioned three parts of the upper bound respectively. (16) is independent of α, we just need to carry out the first derivatives of the three kinds of the average PEP corresponding to the three different signal error patterns in (20) . Thus, based on (28), the first derivatives of the upper bound for the average PEP associated with signal error pattern ε 1 is express as
Since the Hamming distance
From the right side of (41), it shows that two derivatives which need to be evaluated have the following form as
where φ 1 and µ 1 are real positive constants which depend on the right side of (41). After some straightforward manipulations, we can obtain
Since
By combining (41), (42) and (44), it can be concluded that
is the positively weighted linear combination of
Based on (34), the first derivatives of the upper bound for the average PEP when signal error pattern ε 2 takes place is given by
By observing the right side of (46), it can be found that the two derivatives which need to be performed have the similar form as
and φ 2 and µ 2 are real positive scalars which depends on the right side of (47). Furthermore,
can be reformulated as the function of B 1 and C 1 which is defined in (47) as
After some straightforward rearrangements, the derivative of B 1 with respect to α is given by
Moreover, the derivative of C 1 with respect to α can be express as
The incorporation of (46), (47) and (51), which shows that
According to (37), when signal error pattern ε 3 occurs, the first derivatives of the upper bound for the average PEP is formulated as (53) (bottom of this page).
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The right side of (53) reveals that we need to carry out two derivatives both of which have the form as ∂g 3 
. Moreover, φ 3 and µ 3 are both real positive values which rely on the right side of (53). In addition,
can be expressed as the function of D 1 and G 1 which is defined in (54) as
After some straightforward simplifications, the derivative of D 1 with respect to α is written as
Furthermore, the derivative of G 1 with respect to α can be formulated as
where E 1 and F 1 are defined in (54). In addition,
The amalgamation of (53), (54) 
Furthermore, the first derivative of the upper bound for the average BER of the PSM-OFDM system with respect to α can be formulated as
Based on the above analysis, (60) and (61), it can be concluded that
Moreover, since λ = of f (α) with respect to α can be expressed as
Therefore, f (0) = −m 7 m 5 < 0. Furthermore, the second derivative of f (α) with respect to α is given by
By plugging α = 0 into (68), we can obtain
where f (α) is quadratic equation with respect to α. In addition, the symmetry axis of f (α) can be written by
Since 12m Based on the above analysis, it demonstrates that the optimal PDPR factor which minimizes the upper bound for the average BER of the PSM-OFDM system and the optimal PDPR factor which minimizes the upper bound for the average BER of a specific data subcarrier are both derived by solving the equation in (65). In addition, the parameter w k of generalized linear interpolation technique at the same data subcarrier could be different, which depends on the type of generalized linear interpolation technique. Once the type of generalized linear interpolation technique is determined, the parameter w k is a positive real constant. Furthermore, since the equation in (65) is not related to w k , the optimal PDPR factor is not related to w k and can be applied to all kinds of generalized linear interpolation techniques with MMSE channel estimation.
V. SIMULATION RESULTS
In this section, we investigate the BER performance of the PSM-OFDM system with imperfect CSIR, the optimal PDPR factor α and the BER performance of the proposed optimal power allocation scheme compared with its equal power allocation counterpart. More explicitly, for the purpose of validating the theoretical results of Section IV, the derived upper bound for the ABER are compared in conjunction with link-level simulation results. Moreover, the optimal PDPR factor α is proved to be unique through simulations, which certifies the theoretical results of Theorem 1. Furthermore, in order to confirm the performance of the proposed power allocation scheme, computer simulation results over Rayleigh fading channel are compared with its equal power allocation counterpart. 
A. SIMULATION CONFIGURATION
In the following simulation results, the LTE standard channel ITU-PedA is deployed and the parameters of channel are listed in the Table 1 . While the parameters of the PSM-OFDM system, in reference to the LTE standard, are listed in Table 2 . In addition, the imperfect CSIT is assumed to be caused by the MMSE channel estimation. For the purpose of simplicity, the parameters in Figs to link-level simulation results in the scenarios of N t = 4, 2, N r = 2 with QPSK. It can be seen in Fig. 3 that the theoretical upper bounds in Section IV are asymptotically tight and capture the nature of the behavior of the performance of the system with the increase of SNR. More specifically, in the high SNR, the analytical bounds can be considered as an excellent approximation of the simulation results. In contrast, in the low SNR, there is a difference between the theoretical bounds and simulation results. However, this is a well known effect of the union bound technique [24] . Fig. 4 illustrates the theoretical bound for BER of the PSM-OFDM system given in Section IV as a function of the PDPR factor α without linear interpolation. While Fig. 5 depicts the analytical bound for BER as a function of α when using Gauss interpolation technique and two order linear interpolation technique, respectively. In addition, the simulation configurations in both of the two figures are N t = N r = 2 and QPSK. It can be seen from Fig. 4 and 5   FIGURE 6 . BER performance comparison between the PSM-OFDM system with imperfect CSIR and its theoretical bound in Section IV with QPSK and N t = 4, 2, N r = 2.
that the optimal energy allocation factor for a given value of δ was around α = 7, where the PSM-OFDM system achieves the best BER performance. Therefore, the simulation results in Fig. 4 and 5 confirm the theoretical results of Section IV Theorem 1 that the power allocation factor α has a unique optimal value. Furthermore, the simulation results in Fig. 4 and 5 certify the fact that the optimal PDPR factor can be applied to all kinds of generalized linear interpolation techniques in the PSM-OFDM system. channel and the worst (50th) data subcarrier channel. It can be seen from Fig. 7 that the BER performance of the first data subcarrier channel is better than that of the 50th data subcarrier channel. Since the variance σ 2 h k is more close to 1, the variance of the estimation error is smaller and the BER performance of the kth data subcarrier channel is better, as shown in the analytical results in Section III. Fig. 8 plots the BER performance of the proposed optimal pilot-to-data power allocation scheme in comparison to its equal power allocation counterpart, in the PSM-OFDM system with N t = N r = 4, 16 and QPSK. As can be observed from Fig. 8 , the proposed optimal power allocation scheme significantly outperforms its equal power allocation counterpart. More explicitly, the proposed optimal power allocation scheme obtains SNR gains around 3.5 dB over its equal power allocation counterpart with N t = N r = 4 at BER = 10 −4 . Similarly, with N t = N r = 16 at BER = 10 −4 , the proposed optimal power allocation scheme attains SNR gains around 3.8 dB over its equal power allocation counterpart.
VI. CONCLUSION
In this paper, the BER performance of the PSM-OFDM system with imperfect CSIT is investigated. More specifically, based on the union bound technique, an accurate analytical upper bound for the BER of the PSM-OFDM system is derived with MMSE channel estimation. With the aid of the derived upper bound of the PSM-OFDM system, the optimal pilot-to-data power allocation scheme is proposed in reference to the its equal power allocation counterpart. The simulation results show that the optimal pilot-to-data power allocation scheme provides improved BER performance compared with its equal power allocation counterpart. Our future work will focus on the integration of the proposed power allocation scheme with the multistream PSM system [6] and the multiple dimensions index modulation [32] , [33] . He has authored or co-authored over 100 international journals and has been in charge of over 20 projects in the area of Chinese 3G/4G/5G wireless communication systems. He is an inventor of over 50 Chinese and PCT patents on wireless systems. His research interests are in system design and signal processing toward the future wireless communication systems. He currently serves as an Associate Editor for the IEEE Communications Letters.
